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D u r i n g t h e p a s t s e v e r a l y e a r s t h e a u t h o r s h a v e s t u d i e d i n d e t a i l t h e
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Introduction
T h e l i t e r a t u r e o n p e a r l m i l l e t ( P e n n i s e t u m a m e r i c a n u m ( L . ) L e e k e
P e n n i s e t u m t y p h o i d e s , S t a p f a n d H u b b a r d ) a n a t o m y i s l i m i t e d . I t i s s c a t -
t e r e d i n a v a r i e t y o f s t u d i e s , m o s t o f w h i c h l a c k a d e q u a t e i l l u s t r a t i o n .
O n l y t w o g e n e r a l d e s c r i p t i o n s a r e k n o w n t o t h e a u t h o r s ( K r i s h n a s w a m y ,
1 9 6 2 ; M a j m u d a r a n d R a c h i e , 1 9 7 9 ) . D e s c r i p t i v e s t u d i e s o f s p e c i f i c o r g a n s
a n d t i s s u e s h a v e b e e n p u b l i s h e d f o r t h e l e a f ( K r i s h n a s w a m y a n d A y y a n g a r ,
1 9 4 2 ) , a n t h e r a n d p i s t i l ( R a n g a s w a m i , 1 9 3 5 ) , a n d g r a i n ( W i n t o n a n d W i n t o n ,
1 9 3 2 ) . A d e s c r i p t i o n o f r o o t a n d v a s c u l a r a n a t o m y a s m e c h a n i s m s o f
d r o u g h t r e s i s t a n c e h a s a l s o b e e n p u b l i s h e d ( R a t n a s w a m i , 1 9 6 0 ) .
D e v e l o p m e n t a l a n a t o m i c a l s t u d i e s h a v e b e e n c a r r i e d o u t o n t h e l a t -
e r a l b u d s ( N a n d a a n d C h i n o y , 1 9 5 8 ) , o n f l o r a l h i s t o g e n e s i s ( D a n i e l a n d
S h a h , 1 9 7 1 ) a n d o n t h e c a r y o p s i s ( M a t s u d a , 1 9 4 1 ; N a r a y a n a s w a m y , 1 9 5 3 ;
a n d F u s s e l l a n d P e a r s o n , 1 9 7 8 ) . A d e t a i l e d s t u d y o f m o r p h o l o g i c a l a n d
a n a t o m i c a l c h a n g e s i n t h e p a n i c l e f r o m f l o r a l i n i t i a t i o n t o m a t u r i t y h a s
r e c e n t l y b e e n c o m p l e t e d i n o u r l a b o r a t o r y ( M a i t i a n d B i s e n , 1 9 7 8 ) .
T h e p r e s e n t s t u d y i s a n a t t e m p t t o p r e s e n t a c o m p l e t e s i m p l i f i e d
i l l u s t r a t e d d e s c r i p t i o n o f t h e a n a t o m y o f p e a r l m i l l e t . W e h o p e t h a t i t
w i l l b e u s e f u l a s a r e f e r e n c e t o s t u d e n t s a n d t o s c i e n t i s t s w o r k i n g w i t h
t h e c r o p .
M a t e r i a l s a n d M e t h o d s
A l l o b s e r v a t i o n s w e r e made o n m a t e r i a l s grown
i n t h e f i e l d a t ICRISAT C e n t e r , n e a r
H y d e r a b a d , I n d i a , d u r i n g 1975, 1976 and 1977.
Seeds f o r v a r i o u s c u l t i v a r s w e r e s u p p l i e d b y
ICRISAT's M i l l e t Germplasm p r o g r a m .
Preparation of material
M a t e r i a l s w e r e c o l l e c t e d f r o m t h e f i e l d and
f i x e d f o r a minimum o f 4 8 h o u r s i n FPA ( 4 0 %
F o r m a l i n , P r o p i o n i c a c i d , 7 0 % E t h y l a l c o h o l ,
p r o p o r t i o n 5:5:90 by v o l u m e ) . A f t e r f i x a -
t i o n , t h e m a t e r i a l was d e h y d r a t e d i n g r a d e d
w a t e r : a l c o h o l s o l u t i o n s ( t o 7 0 % a l c o h o l ) ,
f o l l o w e d b y a n a b s o l u t e a l c o h o l and t e r t i a r y
b u t a n o l s e r i e s ( J o h a n s e n , 1 9 4 0 ) , and f i n a l l y
b r o u g h t i n t o p u r e t e r t i a r y b u t a n o l . The
m a t e r i a l was t h e n k e p t i n a m i x t u r e o f
t e r t i a r y b u t a n o l a n d p a r a f f i n wax (MP 6 0 ° C )
i n an oven b e f o r e i n f i l t r a t i o n f o r 24 t o 72
h o u r s i n p u r e p a r a f f i n wax. The m a t e r i a l
was f i n a l l y embedded i n wax.
Sectioning
S e c t i o n s o f t h e wax-embedded m a t e r i a l w e r e c u t
w i t h a C a m b r i d g e R o t a r y M i c r o t o m e a t a 
t h i c k n e s s o f 8 t o 10 m i c r o n s . Some o f t h e
s t e m s e c t i o n s w e r e c u t b y h a n d .
Slide preparation
R i b b o n s o f wax-embedded s e c t i o n s w e r e f l o a t e d
o n w a t e r ( m a i n t a i n e d a t 5 0 ° C i n a w a t e r
b a t h ) b e f o r e p l a c e m e n t o n a m i c r o s c o p e s l i d e
c o v e r e d w i t h H a u p t ' s a d h e s i v e ( 1 g Knox
g e l a t i n e , 2 g p h e n o l , and 1 5 m l g l y c e r o l i n
100 m l w a t e r ) . The s l i d e s w e r e k e p t o n a 
h o t p l a t e a t 5 0 ° C w i t h a f e w d r o p s o f 4 %
f o r m a l i n a d d e d t o c o a g u l a t e t h e g e l a t i n e .
S e c t i o n s w e r e dewaxed b y p a s s i n g t h e
s l i d e s t h r o u g h p u r e x y l e n e f o r 5 0 t o 6 0
m i n u t e s , f o l l o w e d b y i m m e r s i o n i n a 1:1
m i x t u r e o f x y l e n e and a b s o l u t e a l c o h o l .
The s l i d e s w e r e t h e n p a s s e d t h r o u g h a 
s e r i e s o f 1 0 0 , 9 0 , 7 0 , 5 0 and 3 0 % a l c o h o l and
f i n a l l y ( i f a q ueous s t a i n s w e r e t o be u s e d )
d i s t i l l e d w a t e r f o r s t a i n i n g . F o r a l c o h o l i c
s t a i n s , r e h y d r a t i o n was n o t n e c e s s a r y .
Stains
T o l u d i n e b l u e : S t a i n i n g i n a 0.05% aqueous
s o l u t i o n ( F e d e r and O ' B r i e n ,
1 9 6 8 ) .
Safranin and aniline blue: S e c t i o n s w e r e
f i r s t s t a i n e d w i t h s a f r a n i n
( 1 % i n 7 0 % a l c o h o l ) , washed i n
9 0 % a l c o h o l and c o u n t e r s t a i n e d
w i t h a n i l i n e b l u e ( 1 % i n
a b s o l u t e a l c o h o l ) .
Hematoxylin: S e c t i o n s w e r e immersed in a 3%
aqueous s o l u t i o n o f i r o n a l u m
3 0 t o 6 0 m i n u t e s , w a s h e d ,
p l a c e d i n a 1 % aqueous s o l u -
t i o n o f h e m a t o x y l i n f o r 3 0 t o
6 0 m i n u t e s , and t h e n washed
and d i f f e r e n t i a t e d i n i r o n
a l u m o r i n a s a t u r a t e d s o l u -
t i o n o f p i c r i c a c i d i n 7 0 %
a l c o h o l . Some s e c t i o n s w e r e
c o u n t e r s t a i n e d w i t h s a f r a n i n ,
a s d e s c r i b e d a b o v e .
O b s e r v a t i o n s and Discussions
T h e P l a n t Parts
Stem
Young stem
Stem anatomy o f p e a r l m i l l e t i s t y p i c a l o f
t h a t o f t h e g r a s s e s . The e p i d e r m i s c o n s i s t s
o f a s i n g l e l a y e r o f c e l l s w i t h t h i c k e n e d
w a l l s o n t h e o u t e r s i d e . The g r o u n d t i s s u e
c o n s i s t s o f t h i n - w a l l e d p a r e n c h y m a . The
v a s c u l a r b u n d l e s , c o n j o i n t c o l l a t e r a l i n t y p e ,
a r e s c a t t e r e d i n t h e g r o u n d t i s s u e ( F i g 1 ) .
Mature stem
I n a t r a n s v e r s e s e c t i o n , t h e e p i d e r m i s c o n -
s i s t s o f c u b i c a l t o b o a t - s h a p e d e p i d e r m a l
c e l l s c o n t a i n i n g e l o n g a t e d c r y s t a l s ( F i g s 2 ,
3 ) . J u s t b e l o w t h e e p i d e r m i s , and o p p o s i t e
t h e r i d g e s o f t h e s t e m , t h e r e a r e a l t e r n a t e
bands o f l a r g e and s m a l l t h i c k - w a l l e d
s c l e r e n c h y m a t o u s p a t c h e s . Each s c l e r e n c h y -
matous band a l t e r n a t e s w i t h a b r o a d band o f
c h l o r e n c h y m a t o u s t i s s u e c o r r e s p o n d i n g t o t h e
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f u r r o w s o f t h e s t e m o u t l i n e . These h y p o -
d e r m a l bands o f s c l e r e n c h y m a a r e i n t u r n
c o n n e c t e d t o t h e s u b t e n d i n g b r o a d c y l i n d e r
o f s c l e r e n c h y m a , w h i c h c o n t a i n s t h e r i n g o f
v a s c u l a r b u n d l e s ( F i g s 3 , 4 ) . T h e r e a r e
f o u r t o f i v e rows o f v a s c u l a r b u n d l e s , t h e
o u t e r m o s t i n g e n e r a l b e i n g t h e s m a l l e s t i n
s i z e . I n some s e c t i o n s , j u s t b e l o w t h e
o u t e r m o s t l a y e r s , l a r g e and s m a l l v a s c u l a r
b u n d l e s a l t e r n a t e w i t h e a c h o t h e r ( F i g s 2 ,
3 ) . The c e n t r a l v a s c u l a r b u n d l e s a r e
s c a t t e r e d i n t h e g r o u n d t i s s u e . M e c h a n i c a l
t i s s u e s i n t h e s e a r e n o t a s e x t e n s i v e a s i n
t h e o u t e r b u n d l e s , p a r t i c u l a r l y i n t h e
p e r i p h e r a l r e g i o n . They c o n t a i n o n l y a 
s e m i l u n a r b a n d o f s c l e r e n c h y m a a d j a c e n t t o
t h e p r o t o x y l e m c a v i t y t o w a r d s t h e c e n t e r
o f t h e p i t h ( F i g 1 ) . The p e r i p h e r a l r e g i o n
o f t h e c e n t r a l v a s c u l a r b u n d l e s does n o t
c o n t a i n s c l e r e n c h y m a . The g r o u n d t i s s u e i s
composed o f r o u n d p a r e n c h y m a t o u s c e l l s .
P i t h i s s o l i d .
Comparative anatomy
Stem anatomy has been s t u d i e d i n a number o f
g e n o t y p e s t o d e t e r m i n e v a r i a b i l i t y , i f a n y ,
i n i n t e r n a l s t r u c t u r e . E x a m i n a t i o n o f
t r a n s v e r s e s e c t i o n s f r o m s e v e n t h and e i g h t h
i n t e r n o d e s , c o l l e c t e d a t p h y s i o l o g i c a l
m a t u r i t y r e v e a l s c o n s i d e r a b l e v a r i a t i o n i n
d i s t r i b u t i o n and amount o f m e c h a n i c a l t i s s u e
( s t e r e o m e ) ( F i g s 1 t h r o u g h 5 ) and v a s c u l a r
b u n d l e s , and i n t h e s i z e and shape o f t h e
p r o t o x y l e m c a v i t y ( F i g s 6 , 7 ) .
M e c h a n i c a l t i s s u e , c o n s i s t i n g o f
s c l e r e n c h y m a and c o l l e n c h y m a , f o r m t h e
s t e r e o m e s y s t e m o f t h e p l a n t . O n t h e b a s i s
o f t h e amount o f m e c h a n i c a l t i s s u e p r e s e n t ,
t h e g e n o t y p e s may b e t e n t a t i v e l y r a n k e d i n
t h e f o l l o w i n g c l a s s e s :
i ) Weak s t e r e o m e s y s t e m ( F i g 1 )
i i ) I n t e r m e d i a t e s y s t e m ( F i g 2 ) , and
i i i ) S t r o n g s t e r e o m e s y s t e m ( F i g s 3 , 4 , 5 ) .
Leaf
The anatomy o f t h e p e a r l m i l l e t l e a f i s
c h a r a c t e r i s t i c o f t h a t o f a m e s o p h y t i c g r a s s .
T h e r e i s some v a r i a t i o n among t h e g e n o t y p e s
s t u d i e d , b u t i n g e n e r a l l e a f anatomy does n o t
v a r y s i g n i f i c a n t l y f r o m g e n o t y p e t o g e n o t y p e .
Leaf lamina
The e p i d e r m i s i s c u t i c u l a r i z e d , and composed
o f r e c t a n g u l a r o r o v a l e p i d e r m a l c e l l s . The
l o w e r e p i d e r m i s i s e n t i r e i n o u t l i n e . S i l i c a
c r y s t a l s , p r o m i n e n t i n some g e n o t y p e s and n o t
s o i n o t h e r s , p r o t r u d e f r o m t h e a d j o i n i n g
c e l l w a l l s o f two a d j a c e n t e p i d e r m a l c e l l s
t o w a r d s t h e c u t i c l e ( F i g 8 ) . The u p p e r
e p i d e r m a l c e l l s a r e wavy i n o u t l i n e and i n -
t e r s p e r s e d w i t h zones o f b u l l i f o r m ( m o t o r )
c e l l s , t h e s i z e o f w h i c h d i f f e r i n d i f f e r e n t
g e n o t y p e s . The c h l o r o p h y l l o u s t i s s u e s u r -
r o u n d i n g t h e v a s c u l a r b u n d l e s may b e l o o s e o r
c o m p a c t .
Midrib
The shape o f t h e m i d r i b i n t r a n s v e r s e s e c t i o n
i s a l m o s t s e m i l u n a r . B u i l i f o r m c e l l s a r e
a b s e n t i n t h e u p p e r e p i d e r m i s o f t h e m i d r i b
and v a s c u l a r b u n d l e s o f d i f f e r e n t s i z e s a r e
p r e s e n t b e l o w t h e u p p e r e p i d e r m i s ( F i g s 13,
1 5 ) . I n some g e n o t y p e s t h e m i d r i b has t h r e e
l a r g e v a s c u l a r b u n d l e s , o f w h i c h one i s i n
t h e c e n t e r and one i s t o each s i d e a t t h e
j u n c t i o n o f l e a f l a m i n a and m i d r i b ( F i g 1 3 ) .
C h l o r o p h y l l o u s t i s s u e i s p r e s e n t b e t w e e n t h e
v a s c u l a r b u n d l e s , b u t c o n f i n e d t o t h e l o w e r
p o r t i o n o f t h e m i d r i b . The s c l e r e n c h y m a
f o r m s a band b e l o w t h e u p p e r e p i d e r m i s
( F i g s 9 , 1 1 , 13, 1 5 ) .
Vascular bundle
The v a s c u l a r b u n d l e s a r e o f t h r e e t y p e s i n
t h e l a m i n a and m i d r i b - i ) t h e l a r g e c e n t r a l
v a s c u l a r b u n d l e c o r r e s p o n d i n g t o t h e m a i n
v e i n ( F i g s 9 , 1 1 , 13, 1 5 ) ; i i ) m e d i u m - s i z e d
v a s c u l a r b u n d l e s ( F i g s 8 , 10, 1 4 ) , and
i i i ) \/ery s m a l l v a s c u l a r b u n d l e s ( F i g s 9 , 13,
1 5 ) . The f i r s t t w o t y p e s a r e g e n e r a l l y
f i b r o v a s c u l a r , c o n t a i n i n g p a t c h e s o f
s c l e r e n c h y m a o n b o t h s i d e s ( c o n n e c t i n g t h e
l o w e r o r u p p e r e p i d e r m i s ) , o r a t one s i d e
o n l y ( c o n n e c t e d t o t h e l o w e r e p i d e r m i s ) . The
t h i r d t y p e - t h e s m a l l v a s c u l a r b u n d l e s - a r e
g e n e r a l l y p r e s e n t i n t h e l a m i n a , and a r e
w i t h o u t any f i b r o u s b a n d s . These l a m i n a r
b u n d l e s a r e a g a i n o f two s i z e s , a l t e r n a t i n g
w i t h e a c h ( F i g s 8 , 1 0 , 1 2 , 1 4 ) .
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Krantz tissue
C h l o r o p l a s t s a r e p r e s e n t b o t h i n m e s o p h y l l
c e l l s and i n t h e b u n d l e s h e a t h c e l l s s u r -
r o u n d i n g t h e v a s c u l a r b u n d l e s ( F i g s 8 , 10,
1 4 ) . T h i s a r r a n g e m e n t i s t h e s o - c a l l e d
K r a n t z a n a t o m y , c h r a c t e r i s t i c o f t h e C 4 o r
d i c a r b o x y l i c p a t h w a y o f c a r b o n f r a c t i o n .
Comparative anatomy
The g e n o t y p e s s t u d i e d show d i f f e r e n c e s i n t h e
f o l l o w i n g l e a f a n a t o m i c a l f e a t u r e s :
i ) amount o f c u t i c u l a r i z a t i o n ( F i g s 8 ,
10, 14)
i i ) i n t e n s i t y o f s i l i c a c r y s t a l s i n t h e
u p p e r e p i d e r m a l c e l l s
i i i ) s i z e and shape o f b u l l i f o r m c e l l s
( F i g s 8, 10, 14)
i v ) t y p e and a r r a n g e m e n t o f v a s c u l a r
b u n d l e s b o t h i n t h e l a m i n a and m i d r i b
( F i g s 1 3 , 15)
v ) c h a r a c t e r i s t i c s i z e a n d shape o f
b u n d l e s h e a t h c h l o r o p l a s t s ( F i g s 8 ,
10, 1 4 ) .
Root
The a n a t o m i c a l s t r u c t u r e o f t h e p e a r l m i l l e t
r o o t i s t y p i c a l o f m o n o c o t s . I t i s composed
o f i ) o u t e r e p i d e r m i s , i i ) g r o u n d t i s s u e
b e l o w t h e e p i d e r m i s ( c o r t e x ) , i i i ) e n d o d e r m i s
s u r r o u n d i n g t h e v a s c u l a r b u n d l e s , i v ) v a s c u -
l a r b u n d l e s c o n s i s t i n g o f x y l e m and p h l o e m
p r e s e n t i n a l t e r n a t e b a n d s , and v ) p i t h
( F i g 1 6 ) .
The e p i d e r m i s c o n s i s t s o f e l l i p t i c a l
c e l l s s u b t e n d e d b y t w o l a y e r s o f h y p o d e r m i s
( F i g 1 6 ) . I n t h e e a r l y s t a g e o f r o o t d e v e l -
o p m e n t , t h e c o r t e x i s made u p o f o v o i d
p a r e n c h y m a t o u s c e l l s w i t h c o n s i d e r a b l e i n t e r -
c e l l u l a r s p a c e . A s t h e r o o t a g e s , t h e
c o r t i c a l c e l l s e l o n g a t e t o assume a p l a t e
l i k e a p p e a r a n c e ( F i g 1 6 ) . A s i n g l e l a y e r o f
o v o i d t o c u b i c a l c e l l s o f c o r t i c a l parenchyma
e n c i r c l e s t h e e n d o d e r m i s .
The e n d o d e r m a l c e l l s are b a r r e l - - t o
b o a t — s h a p e d and a r e t h i c k e n e d w i t h s u b e r i n
o n t h e i n n e r t a n g e n t i a l w a l l ( F i g s 17, 18,
1 9 ) . C r y s t a l s a r e p r e s e n t i n t h e e n d o d e r m a l
c e l l s ; t h e i r shape and s i z e v a r y w i t h c u l -
t i v a r and w i t h age o f t h e r o o t ( F i g 1 7 ) . The
p e r i c y c l e b e l o w t h e e n d o d e r m i s i s composed o f
one t o s e v e r a l l a y e r s o f t h i c k - w a l l e d
s c l e r e n c h y m a t o u s c e l l s , o f w h i c h t h e o u t e r -
m o s t l a y e r i s h i g h l y l i g n i f i e d ( F i g s 18, 1 9 ) ,
X y l e m parenchyma s u r r o u n d i n g t h e meta-
x y l e m may b e t h i c k - w a l l e d o r l i g n i f i e d . The
x y l e m and p h l o e m show a t y p i c a l c l o s e d r a d i a l
a r r a n g e m e n t . P r o t o x y l e m b u n d l e s a r e p r e s e n t
o n t h e e x t e r i o r s i d e o f t h e m e t a x y l e m . The
s i z e o f t h e m e t a x y l e m b u n d l e v a r i e s a c c o r d i n g
t o c u l t i v a r ( F i g s 1 7 t h r o u g h 2 3 ) . The p i t h
i s s o l i d w i t h r o u n d i n t e r m e d i a t e t o c o m p a c t l y
a r r a n g e d parenchyma c e l l s .
Comparative anatomy
C u l t i v a r d i f f e r e n c e s a r e e x p r e s s e d i n a 
number o f r o o t c h a r a c t e r i s t i c s - i ) p r e s e n c e
o r a b s e n c e o f s c l e r e n c h y m a t o u s e x o d e r m i s i n
t h e c o r t e x , i i ) t h i c k n e s s o f e n d o d e r m a l c e l l
w a l l s ( s u b e r i z a t i o n ) ( F i g s 17, 18, 1 9 ) ,
i i i ) s i z e and shape o f c r y s t a l s i n t h e
e n d o d e r m a l c e l l c a v i t y ( F i g s 17, 1 8 ) , and
i v ) i n t e n s i t y o f l i g n i f i c a t i o n i n t h e p e r i -
c y c l i c c e l l l a y e r s and i n c e l l s s u r r o u n d i n g
t h e v a s c u l a r b u n d l e s ( F i g s 1 7 t o 19, 2 1 t o
2 3 ) .
Panicle
D e v e l o p m e n t a l anatomy o f p a n i c l e s o f t h e
I n d i a n h y b r i d , HB 3, and a West A f r i c a n
c u l t i v a r , Mel Zongo, have been s t u d i e d i n
d e t a i l ( M a i t i and B i s e n , 1 9 7 8 ) . D e v e l o p -
m e n t a l changes i n t h e p a n i c l e and i n t h e
f l o r e t s a r e i l l u s t r a t e d i n F i g u r e s 2 4 t h r o u g h
32.
Panicle meristem
A t t h e end o f v e g e t a t i v e s t a g e ( a p p r o x i m a t e l y
1 6 t o 2 8 days a f t e r e m e r g e n c e ) t h e s h o o t apex
i s t r a n s f o r m e d i n t o r e p r o d u c t i v e apex w i t h
t h e f o r m a t i o n o f p a n i c l e m e r i s t e m ( p a n i c l e -
i n i t i a t i o n s t a g e ) . The p a n i c l e m e r i s t e m
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assumes a b u l b o u s s h a p e w i t h a c o n s t r i c t i o n
a t i t s b a s e .
The p a n i c l e m e r i s t e m shows a d e f i n i t e
c e l l u l a r o r g a n i z a t i o n . T h e r e a r e p r o m i n e n t
t u n i c a and c o r p u s l a y e r s i n t h e p a n i c l e a x i s ,
w i t h t w o t o t h r e e l a y e r s o f s e r i a t e l y
a r r a n g e d t u n i c a c e l l s o v e r l y i n g t h e c o r p u s .
The c e l l u l a r o r g a n i z a t i o n i n t h e c o r p u s l a y e r
i s n o t r e g u l a r . The p r o t o p l a s m i n t h e t u n i c a
c e l l s and t h e n u c l e i w i t h p r o m i n e n t c h r o m a t i c
m a t e r i a l a r e d i s t i n c t ( F i g 2 4 ) .
Spikelet primordia
S p i k e l e t p r i m o r d i a d e v e l o p f i r s t a t t h e base
and g r a d u a l l y p r o g r e s s t o w a r d s t h e t i p o f t h e
p a n i c l e m e r i s t e m ( F i g 2 7 ) . The i n i t i a t i o n o f
s p i k e l e t p r i m o r d i a i s m a r k e d b y t h e c o n d e n -
s a t i o n o f p r o t o p l a s m and b y a n i n c r e a s e i n
v o l u m e o f t h e f l a n k m e r i s t e m - i e . , t h e p r o -
g e n i t o r o f s p i k e l e t p r i m o r d i a . I n t h i s
r e g i o n , two t o t h r e e t u n i c a c e l l s w i t h l a r g e
n u c l e i b u l g e o u t and t h e r e a r e a n t i c l i n a l
d i v i s i o n s o f t h e u n d e r l y i n g c e l l s w h i c h
b r o a d e n t h e o u t l i n e o f t h e s p i k e l e t p r i -
m o r d i u m ( F i g s 2 5 , 2 6 ) . S u b s e q u e n t l y , t h e
c e l l s b e n e a t h t h i s r e g i o n u n d e r g o b o t h a n t i -
c l i n a l and p e r i c l i n a l d i v i s i o n s , t h u s i n -
c r e a s i n g t h e v o l u m e o f t h e s p i k e l e t p r i -
m o r d i u m . The s p i k e l e t p r i m o r d i u m assumes a 
b u l b o u s a p p e a r a n c e w i t h a c o n s t r i c t i o n o n
t h e s i d e s , i n d i c a t i n g t h e b o u n d a r y b e t w e e n
t h e a d j a c e n t s p i k e l e t p r i m o r d i a ( F i g 2 6 ) .
T h i s s e q u e n c e o f d e v e l o p m e n t o f t h e s p i k e l e t
p r i m o r d i a g r a d u a l l y p r o g r e s s e s t o w a r d s t h e
t i p o f t h e p a n i c l e ( F i g 2 7 ) . The d i f f e r e n -
t i a t i n g v a s c u l a r t r a c e s i n t h e p a n i c l e a x i s
g r a d u a l l y e s t a b l i s h v a s c u l a r c o n n e c t i o n w i t h
t h e d e v e l o p i n g s p i k e l e t s ( F i g s 2 7 , 2 8 , 3 2 ,
3 3 ) .
A b o u t 3 days a f t e r i n i t i a t i o n , t h e
p a n i c l e i s much more e l o n g a t e d a n d t h e f o r -
m a t i o n o f t h e s p i k e l e t p r i m o r d i a has a d v a n c e d
t o w a r d s t h e t i p ( F i g 2 7 ) . Each p r i m o r d i u m
d i v i d e s t o g i v e t w o s p i k e l e t s ( i n p a i r s )
w h i c h s u b s e q u e n t l y d e v e l o p f l o r a l p a r t s .
Each s p i k e l e t i s e n c l o s e d b y a p a i r o f g l u m e s
( o n e l o w e r g l u m e and one u p p e r ) ( F i g 2 8 ) .
B e g i n n i n g a t t h i s s t a g e , e a c h i n d i v i d u a l
s p i k e l e t p r i m o r d i u m d i v i d e s and e x t e n d s l a t -
e r a l l y t o g i v e r i s e t o t w o f l o r e t p r i m o r d i a
( F i g 2 9 ) . Each f l o r e t p r i m o r d i u m t h e n
d e v e l o p s f l o r a l p a r t s . A l t h o u g h s p i k e l e t
d e v e l o p m e n t t a k e s p l a c e a c r o p e t a l l y , s u b s e -
q u e n t d e v e l o p m e n t d i s p l a y s a b a s i p e t a l
g r a d i e n t (Nanda and C h i n o y , 1 9 5 8 ) .
Floral parts
T h e r e a r e t w o t y p e s o f f l o r e t s i n e a c h
s p i k e l e t i n p e a r l m i l l e t , t h e u p p e r i s p e r -
f e c t and t h e l o w e r i s m a l e . Each f l o r e t i s
e n c l o s e d b y two g l u m e s . I n c a s e o f a p e r f e c t
( b i s e x u a l ) f l o w e r , t h e f l o r e t p r i m o r d i u m de-
v e l o p s i n t h e a x i l o f two l a t e r a l p r i m o r d i a
w h i c h f o r m t w o g l u m e s ( u p p e r and l o w e r ) a t
t h e b a s e . The f l o r e t p r i m o r d i u m g i v e s r i s e
t o t h e p r i m o r d i a f o r m i n g t h e lemma and p a l e a
( F i g 3 0 ) , and t h e c e n t r a l p r i m o r d i u m , w h i c h
f u n c t i o n s a s t h e c a r p e l p r i m o r d i u m . Subse-
q u e n t l y , t h r e e s t a m e n p r i m o r d i a a l s o d e v e l o p
f r o m t h e c e n t r a l p r i m o r d i u m ( F i g 3 1 ) .
The p a t t e r n o f d e v e l o p m e n t o f a m a l e
f l o w e r i s s i m i l a r t o t h a t o f a b i s e x u a l
f l o w e r e x c e p t f o r t h e a b s e n c e o f c a r p e l . I t
has one lemma and no p a l e a . The c e n t r a l p r i -
m o r d i u m g i v e s r i s e t o t h e t h r e e stamen s i n
t h e m a l e f l o w e r .
Micro sporogenesis
M i c r o s p o r o g e n e s i s i n p e a r l m i l l e t i s a s i n
o t h e r a n g i o s p e r m s . The y o u n g a n t h e r ( 8 d a y s
a f t e r p a n i c l e i n i t i a t i o n ) a p p e a r s as a mass
o f t i s s u e i n w h i c h t h e m i c r o s p o r a n g i a a r e
embedded ( F i g 3 2 ) . The m i c r o s p o r a n g i a a r e
p r e s e n t a s f o u r s e p a r a t e masses i n t h e f o u r
l o b e s o f t h e a n t h e r ( F i g 3 3 ) . These c e l l s
d i v i d e a l o n g p e r i c l i n a l w a l l s , l e a d i n g t o a n
i n n e r mass o f p r i m a r y s p o r o g e n o u s t i s s u e and
o u t e r p r i m a r y p a r i e t a l c e l l s ( F i g 3 4 ) .
The u l t i m a t e c e l l s o f s p o r o g e n o u s t i s s u e
a r e p o l l e n m o t h e r c e l l s , w h i c h b y r e d u c t i o n
d i v i s i o n u l t i m a t e l y l e a d t o t h e f o r m a t i o n o f
f o u r p o l l e n g r a i n s . I n m a t u r e a n t h e r s
a p p r o a c h i n g t h e t i m e o f d e h i s c e n c e , some
f r i n g e - l i k e o u t g r o w t h s a r e o b s e r v e d a l l a l o n g
t h e o u t e r w a l l o f t h e a n t h e r .
Structure of the ovule
The s i n g l e o v u l e i s p r e s e n t i n t h e c a v i t y o f
t h e o v a r y and i s a t t a c h e d l a t e r a l l y t o t h e
o v a r i a n w a l l b y a s h o r t f u n i c l e ( F i g 3 7 ) .
The o v a r i a n w a l l i s composed o f a s i n g l e
l a y e r o f c u b i c a l e p i d e r m a l c e l l s , s u b t e n d e d
b y s e v e r a l l a y e r s o f t h i n - w a l l e d c e l l s .
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Caryopsis
Seed coat
I n a t r a n s v e r s e s e c t i o n o f t h e m a t u r e
c a r y o p s i s , s t r u c t u r e o f t h e s e e d c o a t and
e n d o s p e r m i s d i s t i n c t l y v i s i b l e ( F i g 3 8 ) .
T h i c k c u t i c l e o v e r l i e s t h e e p i d e r m i s . The
p e r i c a r p c o n s i s t s o f e p i c a r p , h y p o c a r p and
m e s o c a r p . The e p i c a r p i s made u p o f e l o n -
g a t e d e p i d e r m a l c e l l s . The h y p o c a r p c e l l s
a r e o b l i t e r a t e d . Owing t o c o m p r e s s i o n , t h e
m e s o c a r p c e l l s , w h i c h a r e t w o - t o t h r e e -
l a y e r e d , have l o s t t h e i r c e l l o u t l i n e s a t
some p l a c e s . E l o n g a t e d c r o s s c e l l s a r e o n l y
r a r e l y v i s i b l e and t h e t u b e c e l l s w h i c h a r e
d i s t i n c t a t a n e a r l y s t a g e a r e m o s t l y o b l i t -
e r a t e d . Below t h e m e s o c a r p t h e r e i s a s i n g l e
l a y e r o f l a r g e r e g u l a r l y o r i e n t e d c u b i c a l and
r e c t a n g u l a r c e l l s c a l l e d t h e a l e u r o n e l a y e r .
S t a i n i n g b o d i e s a r e p r e s e n t i n t h e a l e u r o n e
c e l l s ( F i g 3 8 ) .
Endosperm
Below t h e a l e u r o n e l a y e r i s t h e p e r i p h e r a l
c o r n e o u s e n d o s p e r m , a s i n g l e l a y e r o f w e l l
d e m a r c a t e d c e l l s w i t h c o m p a c t l y a r r a n g e d
s t a r c h and p r o t e i n g r a n u l e s . The c e l l s o f
t h i s l a y e r a r e c u b i c a l , e l o n g a t e d , s m a l l and
t i g h t l y p r e s s e d a g a i n s t t h e a l e u r o n e l a y e r .
Below t h i s p e r i p h e r a l l a y e r , t h e e n d o s p e r m
c e l l s a r e l o o s e , l a r g e - s i z e d , and e l o n g a t e d
and c u b i c a l t o a n g u l a r i n s h a p e . These c o n -
s t i t u t e t h e f l o u r y e n d o s p e r m ( F i g 3 9 ) .
S t a r c h and p r o t e i n g r a n u l e s become i n c r e a s -
i n g l y l e s s c o m p a c t t o w a r d s t h e c e n t e r o f t h e
e n d o s p e r m .
Embryo
F i g u r e 4 0 d e p i c t s t h e s t r u c t u r e o f t h e
c a r y o p s i s a t t h e embryo r e g i o n . W i d t h o f t h e
p e r i c a r p a t t h e h i l a r r e g i o n i s much r e d u c e d .
The a l e u r o n e c e l l s i n t h i s r e g i o n a r e s m a l l
i n s i z e , c o m p a c t , and r e c t a n g u l a r i n s h a p e .
The e n d o s p e r m c e l l s b e t w e e n t h e a l e u r o n e
l a y e r and t h e s c u t e l l u m a r e c o m p a c t . The
s c u t e l l a r c e l l s a r e e l o n g a t e d and f o r m a 
s i n g l e l a y e r s u r r o u n d i n g t h e e m b r y o . The
embryo c e l l s a r e h i g h l y c o m p a c t , e s p e c i a l l y
a t t h e h i l a r r e g i o n . The s t r u c t u r e o f t h e
c a r y o p s i s a t t h e b l a c k - l a y e r r e g i o n a t
p h y s i o l o g i c a l m a t u r i t y i s shown i n F i g u r e 4 1 .
C e l l s o u t s i d e t h e b l a c k l a y e r a t t h e h i l a r
r e g i o n a r e h i g h l y c o m p a c t . The b l a c k l a y e r
shows a s e m i l u n a r r i n g o f v a c u o l a t e d c e l l s i n
a n e t w o r k p a t t e r n , w h i c h a p p e a r s t o c u t o f f
t h e v a s c u l a r c o n n e c t i o n f r o m t h e p e d i c e l t o
t h e g r a i n . F o r m a t i o n o f t h i s b l a c k l a y e r
c o i n c i d e s w i t h t h e t e r m i n a t i o n o f g r a i n de-
v e l o p m e n t ( F u s s e l l and P e a r s o n , 1 9 7 8 ) .
Summary
The anatomy o f t h e m a i n o r g a n s and t i s s u e s o f
p e a r l m i l l e t i s s i m i l a r t o t h a t o f r e l a t e d C 4
g r a s s s p e c i e s . P e a r l m i l l e t d i f f e r s f r o m
t h e s e m a i n l y i n t h e amount o f m e c h a n i c a l
t i s s u e ( s c l e r e n c h y m a ) i n t h e p e r i c y c l e and
v a s c u l a r b u n d l e s i n some c u l t i v a r s and ( i n
c o m p a r i s o n t o s o r g h u m , a t l e a s t ) i n t h e
a c r o p e t a l d e v e l o p m e n t o f s p i k e l e t s i n t h e
p a n i c l e .
D i f f e r e n c e s i n s t e m and r o o t anatomy
among t h e m i l l e t c u l t i v a r s e x a m i n e d may be o f
p r a c t i c a l i m p o r t a n c e . The amount o f m e c h a n i -
c a l t i s s u e i n t h e s t e m i s one o f t h e most
o b v i o u s d i f f e r e n c e s among c u l t i v a r s . Some
have t w o o r t h r e e t h i c k r i n g s o f s c l e r e n c h y m a ;
i n o t h e r s , t h e r e a r e o n l y p a t c h e s o f s u c h
t i s s u e . E x t r a s c l e r e n c h y m a s h o u l d i n c r e a s e
t h e r e s i s t a n c e o f t h e s t e m t o b r e a k a g e and t o
c e r t a i n t y p e s o f l o d g i n g , and may have a r o l e
i n s t e m b o r e r r e s i s t a n c e . T h i s a d d i t i o n a l
m e c h a n i c a l t i s s u e w o u l d p r o b a b l y r e d u c e t h e
f o r a g e q u a l i t y o f t h e s t o v e r , however.
T h e r e i s a l s o c o n s i d e r a b l e v a r i a t i o n
among c u l t i v a r s i n t h e s t r u c t u r e o f t h e
e x o d e r m i s , e n d o d e r m i s , and p e r i c y c l e o f t h e
r o o t . These i n c l u d e t h e d e g r e e o f w a l l
t h i c k e n i n g o f t h e e x o d e r m i s , s u b e r i z a t i o n o f
t h e i n n e r t a n g e n t i a l w a l l s o f t h e e n d o d e r m a l
c e l l s and t h e p r e s e n c e o f c r y s t a l s i n t h e s e
c e l l s , t h e d e g r e e o f l i g n i f i c a t i o n o f t h e
p e r i c y c l e , and t h e amount o f s c l e r e n c h y m a
s u r r o u n d i n g t h e v a s c u l a r b u n d l e s . I t has
been s u g g e s t e d t h a t s e v e r a l o f t h e s e c h a r a c -
t e r s c o n t r i b u t e t o t h e d r o u g h t r e s i s t a n c e i n
m i l l e t s (Ratnaswamy, 1 9 6 0 ) , p a r t i c u l a r l y i n
p r o t e c t i n g t h e s t e l e o f t h e r o o t f r o m
c o l l a p s e u n d e r s t r e s s (Weaver and C l e m e n t ,
1938, P o n n a i y a , 1 9 6 0 ) .
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Fig 1. Transverse section of stem from Cv 
Ex -Bo rnu , showing a negligible 
amount of mechanical tissue 
(sclerenchyma) in the hypodermis 
and surrounding the vascular bundles 
(X 75). (VB - Vascular bundle). 
Fig 2. Transverse section of stem from 
hybrid 1320 (Kano), showing moderate 
amount of mechanical tissue sur-
rounding the vascular bundles and 
lignified epidermal cells (X 75). 
(Note: vascular bundles are inter-
connected laterally with sclerenchyma 
bands; this seems to be associated 
with stem strength.) (EP -
Epidermis).
Fig 3. Transverse section of stem from 
700471 (Kano), showing lignified 
epidermis and highly thickened 
sclerenchyma cells surrounding the 
large vascular bundles (X 75). 
(MX - Metaxylem, PR - Protoxylem, 
CR - Crystal). 
■
Fig 4. Transverse section of stem from 
line B282 showing lignified 
epidermal c e l l s , patches of
hypodermal sclerenchyma, and a 
highly lignified. sclerenchyma 
sheath surrounding the vascular 
bundles (X 75). (BSS - Bundle 
sheath sclerenchyma, EPS -
Hypodermal sclerenchyma). 
Fig 5. Transverse section from hybrid P3 
KOLO, showing lignified epidermal 
c e l l s , highly lignified hypodermal 
sclerenchyma s t r a n d , and highly 
thickened sclerenchyma surrounding 
the vascular bundle (X 75). (Note: 
hypodermal vascular bundles as well 
as the central vascular bundles are 
interconnected with sclerenchyma 
tissue.) (HPS - HypodermaI 
sclerenchyma).
Fig 6. Transverse section of stem from line 
B282, showing the vascular bundle 
with a protoxylem cavity (X 300). 
(PR - Phloem, MX - Metaxylem, PR -
Pro toxy lem, PC - Protoxylem cavity). 
Fig 7. Transverse section of stem from 
hybrid 1320, showing vascular bun-
dle with a protoxylem cavity (X 
300). (PC - Protoxylem cavity, 
PR - Protoxy lem, MX - Metaxy lem). 
Fig 8. Transverse section through leaf 
lamina from IP 2789 showing pattern 
of Krantz tissue in the bundle 
sheath and bulliform cells at the 
upper epidermis (X 300). (BC -
Bulliform cells, KR - Krantz tissue, 
BS - Bundle sheath, LEP - Lower 
epidermis, CR - Crystal). 
Fig 9. Transverse section of leaf through 
midrib showing the arrangement 
and type of vascular bundles in IP 
2789 (X 75). (MB - Midrib bundle). 
Fig 10. Transverse section through leaf 
lamina, showing distribution of
vascular bundle, epidermal cells, 
bundle sheath c e l l s , and Krantz 
tissue in line 700471 (Kano) (X 
300). (KR - Krantz tissue, BC -
Bulliform cells). 
Fig 11. Transverse section through the 
midrib of line 700471, showing 
distribution of large and small 
vascular bundles (X 300). (MX -
Metaxy lem). 
Fig 12. Transverse section through lamina 
of Cv K 559 showing arrangement of 
vascular bundles (X 45). (Note: 
large and small bundles are always 
alternately arranged in the 
lamina.)
Fig 13. Transverse section through the 
midrib of Cv K 559, showing the 
type and arrangement of vascular 
bundles (X 75). The large bundle 
is situated at the junction of 
leaf lamina and midrib. (MB -
Midrib bundle). 
Fig 14. Transverse section of leaf 
lamina from hybrid HB 3, showing 
arrangement of vascular bundles, 
Krantz tissue and bulliform 
cells (X 300). (KB - Krantz 
tissue, BC - Bulliform cells). 
Fig 15. Transverse section through mid-
rib of hybrid HB 3, showing 
arrangement of vascular bundles 
(X 75). Fibrous bundle is in 
the main vein. (FB - Fibrous 
bundle, CU - Cuticle, UEP -
Upper epidermis, LEV - Lower 
epidermis, P - Pith). 
Fig 16. Transverse root section from 
line 700471 (Kano) showing the 
pattern of cortical cells and 
arrangement of vascular bundles 
(X 75). (EP - Epidermis, HP -
Hypodermis, COR - Cortex, END -
Endodermis, X - Xy lem, PR -
Phloem).
Fig 17. Transverse root section from 
line IP 2743 showing endodermal 
cell wall thickening, crystals, 
the pericycle and the vascular 
bundles (X 300). (Note: crystals 
are very large; inner tangential 
wall highly suberized; pericyclic 
cells less lignified.) (END -
Endodermis, CR - Crystal, SCL -
Sclerenchyma, MX - Metaxylem, 
P - Pith, PR - Protoxylem). 
Fig 18. Transverse root section from Cv 
Ex-Bornu showing pattern of 
endodermal thickening, pericycle 
and the vascular bundles (X 200). 
(Note: two to three layers of 
pericycle are highly lignified.) 
Fig 19. Transverse section of a root in 
1/2 HK Nain3 showing -pattern of 
endodermal t h i c k e n i n g , p e r i c y c l e ,
and the vascular bundles (X 300). 
(Note: one to two layers of 
-pericyclic cells are highly 
lignified.) (PER - P e r i c y c l e ,
PH - Phloem). 
Fig 20. Transverse root section of Cv 
Mel Zongo showing the stelar 
structure (X 45). 
Fig 21. Transverse section showing 
intensity of mechanical tissue 
in pericyclic region of Cv Mel 
Zongo (X 300). (Note: three to 
four layers of pericyclic cells 
are highly lignified, thick-
walled cells surround the 
vessels.)
Fig 22. Transverse root section of 1/2 
HK Nain showing the stelar 
structure (X 300). (Note: one 
to two highly lignified layers 
of pericyclic cells, but cells 
around the vessels are less 
thickened.)
Fig 23. Transverse root section in Cv HB 5 
showing stelar structure (X 300). 
Fig 24. Longitudinal section of a young 
millet panicle, showing a conden-
sation of cytoplasm followed by 
anticlinal and periclinal cell 
divisions before initiation of 
spikelet primordia (X 75). (T -
Tunica, C - Corpus). 
Fig 25. Transverse section of a young 
panicle meristem, showing localized 
zone of cytoplasmic aggregation 
and initiation of spike let 
primordia (X 75). (SPP - Spikelet 
primordia).
Fig 26. Transverse section of panicle 
meristem, showing elongation of 
spikelet primordia with distinct 
tunica and corpus (X 75). (SPP -
Spikelet p r i m o r d i a , T - Tunica, 
C - Corpus, VTR - Vascular trace). 
Fig 27. Longitudinal section of a young 
p a n i c l e , showing initiation of
spikelet primordia at the base 
(X 75). (Note: spikelet primordia 
are developing at the base of the 
panicle, towards the tip, spikelet 
primordia are not yet developed.) 
(SPP - Spikelet primordia, VTR -
Vascular trace). 
Fig 28. Longitudinal section of a young 
panicle, showing the more developed 
spikelet primordia at the base 
compared to the less developed 
primordia at the top (X 75). (Note: 
spikelets which are in pairs are at 
different stages of development-
much developed at the base, and 
less developed towards the tip of 
panicle.) (SPP - Spikelet pri-
mordia, SPI - Spikelet I, SPII -
Spikelet I I , GL - Glume, LM -
Lemma, VTR - Vascular trace). 
Fig 29. Longitudinal section through the 
spikelet primordia, showing 
bifurcation into two floret pri-
mordia with distinct tunica and 
corpus (X 300). (FLP - Floret 
primordia).
Fig 30. Longitudinal section passing 
through an individual floret pri-
mordium, showing initiation of 
glumes, lemma, and palea (X 300). 
(GL - Glume, LM - Lemma, PL -
Palea).
Fig 31. Longitudinal section p a s s i n g
through an individual floret, 
showing initiation of glume, 
lemma, galea and two stamens (X 
300). (GL - Glume, LM - Lemma, 
STI - Stamen I, STII - Stamen I I ,
PL - Palea). 
Fig 32. Longitudinal section through a 
spikelet, showing the anther at 
the archesporial stage and the 
developing carpel (X 45). (ST -
Stamen, CP - Carpel, MSP - Micro-
sporengia, PL - Palea, LM - Lemma, 
LGL - Lower glume, UGL - Upper 
glume, BR - Bristle). 
Fig 33. Longitudinal section of a spikelet 
showing the vascular supply in 
different parts (X 45). (VTR -
Vascular trace, ST - Stamen, AN -
Anther, LM - Lemma, LGL - Lower 
Glume, UGL - Upper glume). 
Fig 34. Longitudinal section passing 
through the developing anther, 
showing the pollen mother cells 
(X 300). (PMC - Pollen mother 
cell).
Fig 35. Transverse section passing through 
the developing anther, showing 
pollen tetrads and tapetum (X 75). 
(CN - Connective, VTR - Vascular 
trace, ANS - Anther sac, TP -
Tapetum, PLT - Pollen tetrad, 
PAR - Parielal Cell, ENC -
Endothecium).
Fig 36. Transverse section passing through 
the anther, showing the pollen 
grains (X 75). (PG - Pollen 
grains, ANS - Anther sac). 
Fig 37. Longitudinal section passing through 
the ovary showing the ovule (X 75). 
(OV - Ovary, OVL - Ovule, FN -
Funicle).
Fig 38. Transverse section of developing 
seed, showing epicarp, mesocarp,
aleurone layer and endosperm 
(X 75). (EPC - Epicarp, ENP -
Endosperm, MS - Mesocarp, AL -
Aleurone layer). 
Fig 39. Transverse section of grain, 
showing endosperm cells (X 75). 
(ENP - Endosperm). 
Fig 40. Longitudinal section passing 
through the scutellar region, 
showing the embryo (X 75). (EMB -
Embryo, HL - Hilum, SC - Soutelum). 
Fig 41. Longitudinal section passing 
through hilar region, showing 
vacuolar cells at the black 
layer region (X 300). (BL -
Black layer, EMB - Embryo, EL -
Hilum, AL - Aleurone layer). 
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